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We model generation of vortex modes in exciton-
polariton condensates in semiconductor micropillars,
arranged into a hexagonal ring molecule, in the pres-
ence of TE-TM splitting. This splitting lifts the de-
generacy of azimuthally modulated vortex modes with
opposite topological charges supported by this struc-
ture, so that a number of non-degenerate vortex states
characterized by different combinations of topologi-
cal charges in two polarization components appears.
We present a full bifurcation picture for such vortex
modes and show that because they have different ener-
gies, they can be selectively excited by coherent pump
beams with specific frequencies and spatial configura-
tions. At high pumping intensity, polariton-polariton
interactions give rise to the coupling of different vortex
resonances and a bistable regime is achieved. © 2020
Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX
Microcavity polaritons are bosonic quasiparticles with a finite
lifetime on a picosecond scale. They may condense [1, 2], but
still experience spontaneous decay accompanied by the emission
of coherent light, the phenomenon called polariton lasing [3].
Especially interesting is the situation where condensation and
lasing occur in states carrying nonzero topological charges. In
this case, spatial structuring of the microcavity potential en-
ergy landscape, the presence of spin-orbit interaction (SOI), and
strong polariton-polariton interactions may dramatically affect
the emerging polariton states.
SOIs of different physical origin have been widely stud-
ied and play a crucial role in many areas of physics, includ-
ing physics of semiconductors [4] and optics [5, 6]. It can
also strongly affect the behaviour of excitations in optoelec-
tronic systems, such as semiconductor microcavities operating
in the regime of strong coupling between quantum-well excitons
and cavity photons, where exciton-polariton condensates are
formed [7–9]. The SOI for polaritons arises from the splitting of
the transverse-electric (TE) and transverse-magnetic (TM) modes
of the cavity photons. Many interesting phenomena caused by
the TE-TM splitting were reported for microcavity polaritons,
such as the formation of half-quantum vortices [10–13], optical
spin Hall effect [14, 15], skyrmions [16, 17], and topological in-
sulators [18–24]. The resonant excitation of states with different
topological charges for different spin components of a polari-
ton condensate has been proposed [25]. In this context, it is
important to develop the tools for topological engineering of
polariton condensates that would enable on demand generation
of vortices with specific topological charges [26].
In this Letter, we study the formation of vortex polariton
modes in micropillars arranged into a hexagonal structure
(molecule) in the presence of TE-TM splitting. Vortex modes
with opposite topological charges in such a potential in the ab-
sence of the TE-TM splitting are degenerate, i.e. they have iden-
tical energies. The TE-TM splitting lifts the degeneracy affecting
energies of states in different ways: while several vortices with
allowed topological charges acquire increased frequencies, most
of them are pushed to lower frequencies. This enables excitation
of desired vortex states by coherent pumping with trivial phase
distribution. The excitation efficiency depends not only on the
frequency of the coherent pump, but also on its spatial config-
uration and symmetry. We also investigate the influence of the
nonlinearity caused by polariton-polariton interactions on the
modes and demonstrate the bistability regime.
The evolution of two polarization components of polariton
condensates under the coherent pump can be described by the
spinor Gross-Pitaevskii equations [18, 21]:
ih¯
∂Ψ±(r, t)
∂t
=
[
− h¯
2
2m
O2⊥ − ih¯
γc
2
+ gc|Ψ±|2 +V(r)
]
Ψ±(r, t)
+
∆LT
k2
(
∂x ∓ i∂y
)2 Ψ∓(r, t) + E±(r, t). (1)
Here, the indices ± indicate the right-/left-circular polariza-
tion components of polaritons, the effective polariton mass is
given by m = 10−4me (me is the free electron mass), γc = 0.02
ps−1 is the polariton loss rate, gc = 2 µeV µm2 denotes the
polariton-polariton interaction strength, ∆LT represents the TE-
TM splitting (leading to the SOI) intrinsically present in mi-
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Fig. 1. Eigenstates of polaritons in a hexagonal molecule at different TE-TM splitting. (a) Dependence of eigenfrequencies ω (in
THz) of eigenmodes on the mode index n for different TE-TM splittings: ∆LT =0 (orange dots), 0.2 (green dots), and 0.4 meV (blue
dots). The inset shows the profile of the hexagonal ring potential. (b) Amplitude |Ψ±| and phase arg(Ψ±) distributions, marked by
the mode indices corresponding to the mode sequence in (a), for both polarization components Ψ+ and Ψ− at ∆LT = 0 meV (orange
numbers) and ∆LT = 0.2 meV (green numbers).
crocavities at the in-plane momentum k = 2 µm−1, V(r) =
∑6n=1 V(x− xn, y− yn) is the potential energy landscape created
by micropillars with the diameter 2d = 2 µm arranged into a ring
with a radius of R = 2 µm so that neighboring pillars slightly
touch each other [see the inset in Fig. 1(a)], V = V0e−(x2+y2)5/d10
describes the contribution from the individual pillar with depth
V0 = −5 meV, and E±(r, t) is the coherent pump.
We first analyze the linear eigenstates of the hexagonal
molecule in the conservative regime, by setting γc = 0 and
E± = 0. Assuming linear solutions of the form Ψ±(r, t) =
u±(r)e−iωt we obtain from Eq. (1) the eigenvalue problem
h¯ωu± = − h¯22mO2⊥u± +Vu± + ∆LTk2
(
∂x ∓ i∂y
)2 u∓ that we solved
to obtain eigenfrequencies ω and shapes u± of the linear modes.
If we consider only the lowest fundamental mode in each pillar
(note that in a single micropillar the higher-order modes of the
polariton condensates with integer or fractional orbital angular
momenta can also be observed [27, 28]), the whole potential
with six pillars give rise to 12 modes (Fig. 1). In the absence of
the TE-TM splitting ∆LT = 0 meV, the two polarization com-
ponents are decoupled, the Ψ+ and Ψ− distributions can, for
example, have the same phase or pi phase difference for the
same spatial distribution. Therefore there exist at least six sets
of degenerated states. An additional degeneracy is connected
with the fact that for a selected component Ψ+ or Ψ− in the
six-pillar structure only vortices with topological charges (wind-
ing numbers) of |m| ≤ 2 are allowed and pairs of states with
charges +m and −m are degenerate too (their superposition
gives multipole states), with the exception for the state with
m = 0 that remains singlet, and for the singlet multipole state
whose wavefunction changes its sign in each pillar that replaces
the forbidden m = 3 vortex [29]. The modes shown in Fig. 1
labelled with orange numbers are building blocks, whose linear
combinations give m = ±1 vortices (modes 3,4 and 5,6, ω =-
5.665 THz) and m = ±2 vortices (modes 7,8 and 9,10, ω =-5.286
THz). These two latter sets of modes form quadruplets and in
each quadruplet only two pairs of modes have different density
distributions. The modes with lowest and highest frequencies
form doublets with identical density distributions.
The presence of the TE-TM splitting breaks the symmetry of
the system and lifts the degeneracy of the vortex modes with
opposite topological charges, see the green and blue dots in
Fig. 1(a) for different values of the TE-TM splitting. Remarkably,
two lowest modes 1,2 and two highest modes 11,12 remain de-
generate and experience a shift toward lower frequency values
that progressively increases with the increase of the TE-TM split-
ting (compare green dots for ∆LT = 0.2 meV with blue ones for
∆LT = 0.4 meV). These modes are not vortices [see modes for
green numbers 1,2 and 11,12 in Fig. 1(b)]. Two modes from each
quadruplet remain degenerate and their frequencies decrease
(modes 4,6 and 8,10 in Fig. 1(b)]. Another two modes from each
quadruplet acquire strong and opposite frequency shifts and
become non-degenerate (modes 3,5 and 7,9). All these modes
with green numbers 3-10 in Fig. 1(b) carry nonzero topologi-
cal charges that are opposite in two polarization components.
The modes emerging after splitting of the lower quadruplet
carry vortices with topological charges m = ±1, while modes
emerging from the upper quadruplet carry vortices with charges
m = ±2. Note that phase singularities in modes 8 and 10 split
into two singularities due to the presence of the TE-TM split-
ting. If the splitting is significant, the shift of the modes in the
frequency domain may become so strong that the order of the
modes changes completely: for example, the blue point for the
mode n = 3 may be pushed below the eigenfrequency of the
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Fig. 2. Linear modes excited for different pump configurations. Dependencies of the peak density (ρmax in µm−2) of Ψ+ on the
pump frequency (ω in THz) for different pump configurations: (a) one-pillar excitation P1, (b) two pump spots located symmet-
rically P2e, (c) two pump spots asymmetrically located on even pillars P2u, (d) two pump spots in adjacent pillars P2a, (e) three
symmetric pump spots P3e, and (f) three pump spots in adjacent pillars P3a. Pump profiles are shown to the right of the ρmax(ω)
dependencies. The potential landscape (dashed circles) is superimposed on top of the pump profile in (a). The green indices close to
the peaks correspond to the modes marked by the green numbers in Fig. 1(b). Here, E0± =0.000001 and ∆LT = 0.2 meV.
vortex-free states.
To study the excitation dynamics of the vortex modes, we
consider the coherent pump E±(r, t) = E±(r)e−iωt, where ω
is the frequency of the pump, and search for the stationary
solutions of Eq. (1) by solving the time-independent equation:[
− h¯
2
2m
O2⊥ − ih¯
γc
2
+ gc|u±|2 +V(r)
]
u±
+
∆LT
k2
(
∂x ∓ i∂y
)2 u∓ + E±(r)− h¯ωu± = 0. (2)
For the homogeneous pump, only the fundamental mode [green
number 1 in Fig. 1(b)] can be excited. To excite the vortex modes,
we use a Gaussian pump beam given by E±(r) = E0±e−r
2/d2 ,
where E0± is the amplitude of the pump and pump beam width
d = 1 µm is similar to that of the pillar [see Fig. 2(a)].
For a single Gaussian pump beam located at an arbitrary (for
example, the upper) pillar, several non-degenerate modes can
be excited by changing pump frequency ω at ∆LT = 0.2 meV
[Fig. 2(a)]. The excitation efficiency of the modes depends not
only on the frequency of the pump, but also on projection of the
pump on the linear mode profile. For selected pump configu-
ration, this projection is maximal for modes n = 1, 4, 5, 7, 10, 11
from Fig. 1(b), leading to resonant spikes at corresponding eigen-
frequencies, as shown in Fig. 2(a). The variety of excited modes
can be efficiently controlled by using more than one pump spot.
In all cases the excitation efficiency is given by the magnitude of
pump projection on the mode. For two symmetrically located
pump spots [Fig. 2(b)], the phase of the condensate in these
two pillars should be the same to have maximal projection for
a given polarization component, which leads to the excitation
of the modes n =1, 7, and 10. If we keep one pump spot in the
upper pillar and move the second spot from the bottom pillar
to its right neighbor [Fig. 2(c)], the two vortex-free modes 1 and
11 are strongly enhanced. For adjacent pump spots in Fig. 2(d)
the phase distribution of the mode 11 does not match the pump
distribution anymore and disappears, while vortex-carrying
modes 5,6 with m = ±1 are enhanced. Comparing the results in
Fig. 2(a)-(d), one can see that the second pump spot does lead
to resonances with the vortex modes 3 and 9 that are absent
for one-spot excitation. If three symmetrically located pump
spots are used, as shown in Fig. 2(e), only non-vortex modes sur-
vive because projection of such pump on vortex-carrying states
is nearly zero. The excitation of vortices requires asymmetric
pump configurations, such as pump spots on three adjacent pil-
lars, see Fig. 2(f). Three adjacent pump spots prevent the quick
change of the phase of the condensates in the neighboring pil-
lars. As a result, the higher-order vortex modes with m = ±2
vanish. If pump is provided in each pillar only the fundamental
mode will be excited, similarly to the case of the homogeneous
excitation. The results of Fig. 2 confirm that required states can
always be excited by changing pump configuration even in the
case, when pump itself does not carry a topological charge.
For stronger pump intensities nonlinear effects become signif-
icant, resulting in blue shifts of the frequencies of the solutions.
The resonance peaks in ρmax(ω) dependencies become tilted
and broaden with the increase of pump amplitude [Fig. 3(a)].
In Fig. 2(d) one can see that the first two peaks at the left side
are very close to each other, so that they are tilted then the non-
linearity versions start overlapping [see Fig. 3(b)] because the
first stronger peak tilts more than the second weaker peak as the
pump intensity increases. This leads to a bistability: the coexis-
tence of two stable nonlinear states shown in Fig. 3(c,d) at the
same value of ω. Similar phenomena have been demonstrated
in the similar potential landscapes for photon-like modes [30]
or under non-resonant excitation [31]. Stable nonlinear states
originating from the non-degenerate modes 5 and 9 can be found
in Fig. 3(e,f). These solutions become strongly asymmetric. In-
creasing pump strength leads to the splitting of the vortex with
a higher topological charge m = ±2 [cf. the vortex mode 9 in
Fig. 1(b) into two m = ±1 ones as shown in Fig. 3(f) because of
the nonlinearity-induced mixture of the modes.
To conclude, we have studied the formation of vortex polari-
ton states in a hexagonal molecule composed by six micropillars.
The vortices are generated under resonant excitation by Gaus-
sian pulses due to the SOI. The vortex modes can be excited
selectively by properly choosing the pump frequency and posi-
tion. The nonlinearity leads to the blue-shift of the frequencies
of the modes, resulting in the emergence of a bistability. Our
findings pave the way to the realization of vortex polariton
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lasers where lasing from topologically protected modes would
be realised.
Fig. 3. Nonlinear modes. Peak density (ρmax in µm−2) of Ψ+
vs pump frequency (ω in THz) for (a) one pump spot P1 with
E0± =0.0001 (thin line) and 0.0002 (thick line), and (b) two
adjacent pump spots P2a with E0± =0.000075 (thin line) and
0.00015 (thick line). The modes corresponding to the peaks are
marked by the mode indices, associated to the modes marked
by the green numbers in Fig. 1(b). The solid (dotted) lines are
the stable (unstable) solutions. (c-f) Density (top row) and
phase (bottom row) profiles of the stable states, corresponding
to the points in (b). Here, ∆LT = 0.2 meV.
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